Introduction
============

Bacterial foodborne illness is one of the most important causes of morbidity and mortality in developing countries. *Plesiomonas shigelloides* and *Shigella flexneri* are Gram-negative bacilli of the family Enterobacteriaceae, which have been responsible for producing diarrheal epidemics worldwide.[@b1-ijn-11-3347] Most of the *P. shigelloides*-infected patients had a history of seafood consumption or drinking untreated water.[@b2-ijn-11-3347],[@b3-ijn-11-3347] *P. shigelloides* infection is highly severe and has caused over 80% mortality.[@b4-ijn-11-3347] Antibiotic treatment is required to reduce the severity of diarrhea or its duration.[@b5-ijn-11-3347],[@b6-ijn-11-3347] *P. shigelloides* is sensitive to quinolones and cephalosporins. Owing to beta-lactam production, partial resistance to ampicillin, tetracycline, cotrimoxazole, and chloramphenicol has been reported (72%, 67%, 12%, and 5%, respectively).[@b7-ijn-11-3347] At present, increasing antibiotic resistance of *P. shigelloides* implies that fewer antibiotic drugs can produce bactericidal minimum inhibitory concentration (MIC).[@b6-ijn-11-3347],[@b8-ijn-11-3347],[@b9-ijn-11-3347] *S. flexneri* is highly infectious at low counts.[@b10-ijn-11-3347] First-line antimicrobial drugs, including sulfonamides, tetracycline, ampicillin, and trimethoprim--sulfamethoxazole, have become ineffective due to plasmid- encoded resistance to *S. flexneri*, which causes more than a million deaths worldwide.[@b11-ijn-11-3347],[@b12-ijn-11-3347] Recently, the emergence of resistance to fluoroquinolones and cephalosporins *in S. flexneri* was found in the People's Republic of China.[@b11-ijn-11-3347] Multidrug resistance in *Shigella* spp is also found at high rate.[@b12-ijn-11-3347] Therefore, investigation of new drugs and materials to face the emerging resistance is needed.

Currently, the study of plants as a source of bioactive compounds with known antimicrobial activities is having a great impact on the search for new antimicrobial drugs.[@b13-ijn-11-3347] Gallic acid (GA) is a natural phenolic compound found in many fruits and plants. It exhibits promising therapeutic effects such as antioxidant,[@b14-ijn-11-3347] anti-inflammatory,[@b15-ijn-11-3347],[@b16-ijn-11-3347] anticancer,[@b17-ijn-11-3347],[@b18-ijn-11-3347] and antimicrobial[@b19-ijn-11-3347]--[@b21-ijn-11-3347] activities. Its metabolites and derivatives have no observed toxic effects in rats or human beings.[@b22-ijn-11-3347]--[@b25-ijn-11-3347] GA affects irreversible changes in the bacterial membrane properties, including charge and intra- and extracellular permeabilities. It also affects bacterial cell membrane physicochemical properties by changing the hydrophobicity, decreasing the negative surface charge, and disrupting pore formation, with a consequent leakage of essential intracellular constituents.[@b26-ijn-11-3347]

Recent studies reveal that gold nanoparticles (AuNP) have gained much attention in drug delivery due to their unique dimensions, tunable functionalities on the surface, and controllable drug release. AuNP conjugated with bio-active compounds is easy to prepare, stable, and can be incorporated into secondary tags without toxicity to cells.[@b27-ijn-11-3347],[@b28-ijn-11-3347] AuNP--GA has been evaluated for its bactericidal activity against *Streptococcus mutans*.[@b29-ijn-11-3347] Considering the potential use of AuNP--GA in medical applications, the investigation of AuNP--GA antibacterial activity is essential. In the present study, we report the preparation and characterization of AuNP--GA. Antibacterial activity of the prepared AuNP--GA against *P. shigelloides* and *S. flexneri* B and the mechanism of action were evaluated.

Materials and methods
=====================

Conjugation of AuNP with GA
---------------------------

Bare spherical AuNP (Nanopartz Inc., Loveland, CO, USA), 17 nm in diameter, was conjugated with GA (Sigma-Aldrich Co., St Louis, MO, USA) as follows. GA was added to the AuNP solution to make a final concentration of 10 mM, 30 mM, and 50 mM GA at pH 7.51 and stirred in the dark for 4 hours at 50°C. AuNP--GA was kept at room temperature for further analysis. This study was approved by the Khon Kaen institutional review board.

Characterization of dispersion of AuNP--GA by ultraviolet-visible spectrometer
------------------------------------------------------------------------------

Dispersion of AuNP and AuNP--GA were characterized by measuring the absorbance of the sample with ultraviolet-visible (UV-Vis) spectrophotometer (UV mini-1240; Kyoto, Shimadzu, Japan) at room temperature. The spectra of AuNP, AuNP--10 mM GA, AuNP--30 mM GA, and AuNP--50 mM GA were plotted.

Microstructural investigation of AuNP--GA by transmission electron microscope
-----------------------------------------------------------------------------

A core--shell nanostructure of AuNP--GA was studied by using transmission electron microscope (TEM). AuNP--GA sample was dropped on a carbon film copper grid (Electron Microscopy Sciences, Hatfield, PA, USA) and dried in an oven before analysis by TEM (Tecnai G2 20 model).

Characterization of AuNP--GA by synchrotron small-angle X-ray scattering
------------------------------------------------------------------------

Small-angle X-ray scattering (SAXS) was also used to characterize the prepared AuNP--GA. It was performed at BL1.3W. The synchrotron X-ray was monochromatized with a double multilayer monochromator for an X-ray energy of 8 keV. Each sample was in a liquid cell with Kapton windows. The measurement with two sample-detector distance setups of 1,002.92 mm and 3,033.95 mm, calibrated with silver behenate and Styrene-Ethylene-Butadiene-Styrene block copolymer, respectively, were conducted to cover the scattering vector range (*q*-range) of \~0.1--3.0 nm^−1^. A Mar SX165 CCD was used to record the scattering patterns. Liquid cells containing deionized water were measured as background. The background was subtracted from the measured sample patterns, which were circularly averaged to obtain the SAXS profiles as functions of the scattering vector *q* =4πsin*θ*/*λ*, where *θ* denotes half of the scattering angle and *λ* denotes the X-ray wavelength.

Evaluation for antibacterial activity of AuNP--GA
-------------------------------------------------

The prepared AuNP--GA was evaluated for antibacterial activity against two human foodborne bacterial strains, *P. shigelloides* and *S. flexneri* B, which were obtained from the Department of Clinical Microbiology at the Faculty of Associated Medical Sciences, Khon Kaen University.

The MIC of AuNP--GA and GA was investigated by a well diffusion method.[@b30-ijn-11-3347] For each bacterial species, 0.5 McFarland inoculum was swabbed onto Mueller-Hinton agar plate. The 6-mm-diameter wells were drilled into the agar plate with a sterilized cork borer; then 100 µL of various concentrations of GA (10 mM, 30 mM, 50 mM, 70 mM, 90 mM, and 110 mM) and AuNP--GA (at 50 mM, 30 mM, and 10 mM) were added to the agar wells. After incubation at 37°C for 16--24 hours, the diameters of the clear zones were measured. The lowest concentration of the tested compound that showed no visible growth was reported as the MIC. All experiments were conducted in triplicate, and AuNP was used as a control.

Detection of bacterial morphology by scanning electron microscope
-----------------------------------------------------------------

The bacterial membrane was investigated after treatment with AuNP--GA by scanning electron microscope (SEM), which was performed according to the method described in Uawonggul et al,[@b31-ijn-11-3347] with slight modification. *P. shigelloides* and *S. flexneri* B were cultured in nutrient broth and harvested at the logarithmic phase of growth by centrifugation at 3,000× *g* for 5 minutes. The bacterial cells were then washed twice with phosphate-buffered saline, pH 7.0, and resuspended to yield a final concentration of 10^6^ CFU/mL. Aliquots of the bacterial suspension (100 µL) were individually incubated with GA at the MIC concentration that was previously determined (110 mM for *P. shigelloides* and 50 mM for *S. flexneri* B at 37°C for 1 hour and 2 hours, respectively). The incubated bacterium (150 µL) was fixed with equal volume of 2.5% glutaraldehyde (Sigma-Aldrich Co.) in a 0.1 M phosphate buffer, pH 7.2, for 2 hours. The fixed cells were pipetted and settled onto 0.2 µM polycarbonate Whatman membrane filter (GE Healthcare, Chicago, IL, USA) for 5 minutes. The materials were then dehydrated in graded ethanol concentrations (30%, 50%, 70%, and 90%) for 15 minutes each. The dehydrated materials in the absolute ethanol were dried in a critical point drier (CPD7510; Thermo Fisher Scientific, Waltham, MA, USA), with carbon dioxide used as the drying agent. Dry materials were coated with gold palladium by a sputter coater (SC7620; Polaron, Hertfordshire, England) and examined with SEM (LEO1450VP; LEO Electron Microscopy Ltd., Cambridgeshire, England) operated at 12--20 kV. For the negative control, all procedures were performed in a similar manner, except that the bacterial cells were incubated with a phosphate-buffered saline instead of GA.

Elucidation of AuNP--GA bactericidal mechanism by Fourier transform infrared microspectroscopic method
------------------------------------------------------------------------------------------------------

All bacterial cultures were grown in nutrient broth and incubated at 37°C for 24 hours. The concentration of the cultures was then adjusted to 0.5 McFarland standards. Bacterial cultures were individually incubated with the previously determined MIC of AuNP--GA (50 mM for *P. shigelloides* and 30 mM for *S. flexneri* B) at 37°C for 1 hour and 2 hours. The treated cells were recovered from prepared 1 mL broth cultures by centrifugation at 12,000 rpm for 15 minutes. The supernatant was discarded, and the pellet was washed twice in 0.85% NaCl. For sample preparation, 5 µL of each bacterial sample was deposited onto infrared (IR) low-e slides (Kevley Technologies, Chesterland, OH, USA) to form a homogeneous dried film of bacterial cells. The slides were air dried and stored in a desiccator.

Fourier transform infrared (FTIR) microspectroscopic system consisted of a Vertex 70 FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany) coupled to a Hyperion 2000 IR microscope with a liquid nitrogen cooled mercury cadmium telluride detector. The bacterial samples coated on the low-e slides were placed under the microscope objective, and the IR spectra were recorded in the reflection mode of 4,000--400 cm^−1^ at a spectral resolution of 4 cm^−1^. One hundred spectra were obtained for each sample. Spectra from all samples were extracted using a macro converter of OPUS7.0 software (Bruker Optik GmbH, Ettlingen, Germany) prior to multivariate data analysis. Approximately 50 representative spectra from each sample were pretreated by performing a second derivative carried out by applying the Savitzky--Golay algorithm with 13 smoothed data points and then normalized with extended multiplicative signal correction. Pretreated spectra were then analyzed by principal component analysis (PCA) using the Unscrambler^®^ 9.7 software (Camo Inc., Oslo, Norway) to distinguish between the control and AuNP--GA-treated cells.

Results and discussion
======================

Preparation of AuNP--GA
-----------------------

In the present study, the GA solution was colorless, whereas the 17-nm-diameter AuNP solution was pale red. When GA was mixed with AuNP, the pale purple solution was observed, which indicated that GA may conjugate with AuNP. UV-Vis is a spectral technique used to confirm the presence of AuNP--GA. The absorption spectra (400--800 nm) obtained from the prepared AuNP and AuNP--GA ([Figure 1](#f1-ijn-11-3347){ref-type="fig"}) showed that the absorption maximum (*λ*~max~) of AuNP was 520 nm and there was a redshift of *λ*~max~ of AuNP--GA. This confirms that AuNP was conjugated with GA because the redshift can occur when the particle size increases. Our results agree with a previous study of Moreno-Alvarez et al,[@b29-ijn-11-3347] which showed that the UV-Vis absorption spectrum of GA-stabilized AuNP shifted to a broader band.

Characterization of AuNP--GA
----------------------------

To verify the particle size of the studied nanoparticles, TEM images of AuNP and AuNP--10 mM GA were taken (data not shown). The TEM results did not show a significant increase in the particle size of AuNP--GA compared to a 17-mm-diameter AuNP. However, the AuNP and GA could form a core--shell structure with a thin GA shell, but this was not clearly observed in the TEM image due to low contrast between GA and the sample substrate.

SAXS was then conducted for investigation of the AuNP--GA core--shell structure because X-ray scattering is less affected by sample conditions. The SAXS profile ([Figure 2A](#f2-ijn-11-3347){ref-type="fig"}) clearly shows characteristics of spherical nanoparticles with a narrow size distribution. The SAXS data were fitted using a hard sphere form factor with a lognormal size distribution. The theoretical SAXS intensity is given by: $$I(q) = {\int\limits_{- \infty}^{\infty}{\left| {F(q,r)} \right|^{2}G(r,m,\sigma)\text{dr} + \text{Background}}}$$

In [Equation 1](#fd1-ijn-11-3347){ref-type="disp-formula"}, the hard sphere form factor as given by Glatter and Kratky is:[@b32-ijn-11-3347] $$F(q,r) = Cr^{3}\frac{j_{1}(qr)}{qr}$$where *C* is a constant, taken as a scaling factor in the fit, and *j*~1~(*qr*) is the first-order spherical Bessel function. In [Equation 1](#fd1-ijn-11-3347){ref-type="disp-formula"},*G* (*r*, *m*, *σ*) denotes a lognormal distribution: $$G(r,m,\sigma) = \frac{1}{r\sigma\sqrt{2\pi}}exp\left\{ \frac{\left\lbrack {\ln(R/m)} \right\rbrack^{2}}{2\sigma^{2}} \right\}$$where *m* and *σ* are the median and shape parameters, respectively, of the lognormal distribution. The fitting was carried out through a chi-square minimization procedure, using the SASfit software program (Paul Scherrer Institut, Villigen, Switzerland).[@b33-ijn-11-3347] The fitted SAXS profile, using [Equation 1](#fd1-ijn-11-3347){ref-type="disp-formula"} with a constant background, is indicated by a solid line in [Figure 2B](#f2-ijn-11-3347){ref-type="fig"}. The fit result produces values of *m* =8.95 nm and *σ* =0.102 nm for the lognormal distribution, values that are equivalent to a mean particle radius of 8.99 nm and a size distribution with a standard deviation of 0.92 nm.[@b34-ijn-11-3347]

The SAXS profiles of the AuNP--GA ([Figure 2A](#f2-ijn-11-3347){ref-type="fig"}) reveal that the mixed AuNP--GA solutions continue to show characteristics of a scattering profile of nanoparticles with a narrow size distribution. However, the shapes of the scattering profiles in the regions of the small and large scattering vectors imply some structural change. To confirm the core--shell structure, we first investigated the particle size by considering the first minima of the scattering profiles. For the scattering of the nanoparticles, the radius of the particles can be approximated by the first minimum in the scattering profile. From the SAXS intensity of a hard sphere, [Equation 1](#fd1-ijn-11-3347){ref-type="disp-formula"}, it can be observed that the first minimum in intensity, located at the *q* value where the derivative is zero, is at the first zero of the spherical Bessel function, *j*~1~ (*qr*). The particle radius *R* may therefore be estimated from *j*~1~ (*q*~0~*R*) =0, which yields *q*~0~*R* =4.49,[@b35-ijn-11-3347] where *q*~0~ is the scattering vector at the location of the zero derivative. In the case of core--shell structures, the form factor is given by: $$F_{\text{cs}}(q,R_{\text{cs}},R) = C_{\text{cs}}\left\lbrack {R_{\text{cs}}^{3}\frac{j_{1}(qR_{\text{cs}})}{qR_{\text{cs}}} - R^{3}(1 - \mu)\frac{j_{1}(qR)}{qR}} \right\rbrack$$where *R*~cs~ and *R* denote the radii of the core + shell and the core, respectively, and *µ* is the scattering length density (SLD) ratio between the core and the shell. The constant *C*~cs~ is again treated as a scaling factor. In this case, it would be difficult to estimate the particle size from the first minimum in scattering intensity due to complex interferences from the core and shell contributions. One may nevertheless expect the core--shell scattering profile to have a first minimum at a smaller *q* than that of the core particle because the core--shell particle is larger. The formation of the core--shell particles, in this case, may therefore be determined by comparing the first minimum locations in the scattering profiles of the core--shell and the core particles.

The measured SAXS profiles of the dispersed AuNP and the mixed AuNP--GA solutions were then smoothed and numerically differentiated with respect to the scattering vector *q*. The derivatives obtained are shown in [Figure 2B](#f2-ijn-11-3347){ref-type="fig"}. These data show that the first minima in the three mixed solution samples had indeed shifted to smaller *q* values. Moreover, the shifted first minima appeared to be at similar locations, which may further suggest that the AuNP--GA core--shell particles formed by the mixed solutions have similar shell thicknesses for all three GA concentrations.

To quantitatively characterize the core--shell structure, the measured SAXS profiles of the mixed solutions were fitted with a theoretical model. The theoretical SAXS intensity model is given by: $$I(q) = \overline{\left| {F_{\text{cs}}(q)} \right|^{2}}S(q,R_{\text{HS}},\tau,f) + \frac{I_{0}}{1 + q^{2}\xi^{2}} + \text{Background}$$

The first term is the contribution of the core--shell particles, where the form-factor term is: $$\overline{\left| {F_{\text{cs}}(q)} \right|^{2}} = {\int\limits_{- \infty}^{\infty}{\left| {F_{\text{cs}}(q,R_{\text{cs}},R)} \right|^{2}G(R,m,\sigma)\text{dR}}}$$and where the core--shell form factor is given by [Equation 4](#fd4-ijn-11-3347){ref-type="disp-formula"}, with the lognormal size distribution given by [Equation 3](#fd3-ijn-11-3347){ref-type="disp-formula"}. *S* (*q*, *R*~HS~, *τ*, *f*) in [Equation 5](#fd5-ijn-11-3347){ref-type="disp-formula"} is the structure factor responsible for the interparticle interaction. This interaction is expected to arise from the interaction between the polymer shells surrounding the core particles and can be modeled by the Baxter's sticky hard sphere model,[@b36-ijn-11-3347] which is parameterized by the hard sphere radius *R*~HS~, the stickiness parameter *τ*, and the volume fraction *f*. The Lorentzian profile appearing in the second term in [Equation 5](#fd5-ijn-11-3347){ref-type="disp-formula"} is the Ornstein--Zernike term, parameterized by the correlation length *ξ*, with the scaling factor indicated by *I*~0~. This term has been used to account for the fluctuation of the polymer chains in solutions.[@b37-ijn-11-3347] For the fittings, the radius and size distribution of the core particles were fixed by the parameters obtained from the fitting of the AuNP data mentioned earlier. The SLD ratio *µ* in the core--shell form factor was calculated from the ratio of the SLD values of Au and GA, where the SLD of a molecule is given by: $$\text{SLD} = \frac{\sum_{i = 1}^{n}{Z_{i}r_{e}}}{V}$$where *n* is the number of atoms in the molecule, *Z~i~* is the atomic number of the *i*th atom, *r*~e~ is the classical electron radius, and *V* is the effective atomic volume (in the case of Au) or molecular volume (in the case of GA). The SLD ratio used in the fitting was calculated as *µ* =8.85. For the sticky hard sphere structure factor, the hard sphere radius *R*~HS~ is considered an imaginary barrier preventing the particles from getting closer. This parameter was therefore treated as a fit parameter, together with the stickiness parameter and the volume fraction. The fitting results are shown in [Figure 2B](#f2-ijn-11-3347){ref-type="fig"}. In the AuNP--GA results, the structure factor was responsible for the modified shape, compared to that of the AuNP, of the SAXS intensity at low *q*. However, the Ornstein--Zernike term also has an effect on a large *q* region. The oscillations in the SAXS intensity originated solely from the core--shell sphere form factor. The fitted core--shell parameters are summarized in [Table 1](#t1-ijn-11-3347){ref-type="table"}. The SAXS results suggest that the core--shell structure was formed by a thin GA shell around the AuNP core. In addition, the results indicate that the GA shell thickness does not depend on the GA concentration.

Antibacterial activity of AuNP--GA
----------------------------------

The antibacterial activities of GA and AuNP--GA against *P. shigelloides* and *S. flexneri* B are shown in [Figure 3](#f3-ijn-11-3347){ref-type="fig"}. The MIC of GA (range 50--110 mM) was significantly higher than that of AuNP--GA against these bacteria (range 30--50 mM) (*P*\<0.0001). Only AuNP had no antibacterial effect on the studied bacteria. These results indicated that the antibacterial activity of GA could be improved by conjugation with AuNP, which is in close agreement with a previous study.[@b29-ijn-11-3347]

Bactericidal mechanism of AuNP--GA
----------------------------------

SEM images show that the bacterial membrane became wrinkled after adding 110 mM GA to *P. shigelloides* ([Figure 4A](#f4-ijn-11-3347){ref-type="fig"}) and 50 mM GA to *S. flexneri* B ([Figure 4B](#f4-ijn-11-3347){ref-type="fig"}) for 1 hour and 2 hours, respectively. There are several studies that reported that phenolic compounds can penetrate a cell due to alterations in cell membrane permeability.[@b38-ijn-11-3347] Zhou et al[@b39-ijn-11-3347] showed that poly(allylamine hydrochloride) helped accelerating cell wall breakdown and cytoplasm release. It has also been reported that cationic-coated AuNP had more toxicity than anionic-coated AuNP,[@b40-ijn-11-3347] which supports the hypothesis that poly(allylamine hydrochloride)--AuNP cause immediate cell lysis, while citrate AuNP does not. These findings support our results. We assumed that AuNP--GA affected the bacterial cell membrane in the same manner as GA.

FTIR microspectroscopic analysis was used for studying the AuNP--GA bactericidal mechanism of action because of its sensitivity, rapidity, low cost, and simplicity. This technique has been also used to detect and identify different types of microorganisms and evaluate the activity of antibacterial agents.[@b41-ijn-11-3347],[@b42-ijn-11-3347] PCA was applied to the data set, in which two regions are of interest: i) the biochemical fingerprint region from 1,800 cm^−1^ to 1,000 cm^−1^ influenced by stretching vibrations of ester functional groups in lipids (1,740 cm^−1^), amide I and amide II groups in proteins and peptides (1,655--1,637 cm^−1^), P=O stretching in nucleic acids (1,250--1,220 cm^−1^, 1084--1088 cm^−1^), and carbohydrate and polysaccharide bands (1,200--900 cm^−1^) and ii) the region from 3,000 cm^−1^ to 2850 cm^−1^ dominated by the functional groups of membrane fatty acids and some amino acid side chains.[@b43-ijn-11-3347]

PCA score plots showed distinct group separation along PC1 when comparing the spectra from *P. shigelloides* (control cells; blue dots) and *P. shigelloides* (tested with AuNP--GA; red dots) as shown in [Figure 5A and B](#f5-ijn-11-3347){ref-type="fig"}, respectively. In loading plots corresponding to this comparison, PC1 and PC2 separately controlled and tested spectra for changes in the lipid signal (2,949 cm^−1^, 2,893 cm^−1^), protein signal (1,655 cm^−1^, 1,619 cm^−1^, 1,539 cm^−1^, 1,342 cm^−1^), and cellular phosphorylation (1,039 cm^−1^), as shown in [Figure 5C and D](#f5-ijn-11-3347){ref-type="fig"}.

For the spectra of *S. flexneri* B control cells (blue dots) and *S. flexneri* B tested with AuNP--GA (red dots), PC1 and PC2 explained the spectral differences between the groups ([Figure 6A and B](#f6-ijn-11-3347){ref-type="fig"}). The corresponding loading plots similarly elucidated in the spectral regions of *P. shigelloides* contained changes primarily in the lipid signal (2,918 cm^−1^, 2,889 cm^−1^, 2,844 cm^−1^), protein signal (1,618 cm^−1^, 1,532 cm^−1^, 1,342 cm^−1^), and cellular phosphorylation (1,035 cm^−1^), as shown in [Figure 6C and D](#f6-ijn-11-3347){ref-type="fig"}. PCA of spectral data revealed segregation of control and AuNP--GA-treated cells. The spectra obtained for both bacteria were similar to those previously described for other bacteria.[@b44-ijn-11-3347],[@b45-ijn-11-3347]

The spectral profiles imply biochemical alterations in the bacterial cells, especially in lipids (2,918 cm^−1^, 2,889 cm^−1^, 2,844 cm^−1^) and proteins (1,618 cm^−1^, 1,532 cm^−1^, 1,342 cm^−1^). The outer cell membranes are composed of lipids and proteins, and the spectral changes in these regions suggest disruption of the cell membrane structure and integrity. The SEM images ([Figure 4](#f4-ijn-11-3347){ref-type="fig"}) show the disruption of bacterial membranes after treatment with the MIC of GA. Moreover, alteration in the DNA region at 1,035 cm^−1^ was observed, which may indicate that AuNP acted as a vehicle to deliver GA through the cell membrane and interact directly with DNA. The analysis of control and AuNP--GA-treated bacterial FTIR spectra revealed the molecular mechanisms of action that lead to AuNP--GA-induced cell death.

Conclusion
==========

GA was successfully conjugated with AuNP, and the core--shell structure was investigated by TEM and SAXS. SAXS showed that AuNP--GA had similar shell thicknesses regardless of the GA concentration. The antibacterial activity of GA, against foodborne bacteria *P. shigelloides* and *S. flexneri* B, was improved by conjugation with AuNP. AuNP--GA decrease bacterial pathogenicity by altering bacterial membrane compositions. This was supported by FTIR analysis that the AuNP--GA significantly altered lipids or fatty acids in cell membranes, proteins, and nucleic acids. With these antibacterial properties, AuNP--GA is a promising bioactive compound that is potentially suitable for biomedical applications.
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![Absorption spectra of AuNP (red line), AuNP--10 mM GA (green line), AuNP--30 mM GA (orange line), and AuNP--50 mM GA (blue line).\
**Abbreviations:** AuNP, gold nanoparticles; GA, gallic acid.](ijn-11-3347Fig1){#f1-ijn-11-3347}

![Core--shell structure investigation by small angle X-ray scattering.\
**Notes:** (**A**) Measured SAXS intensity profiles of AuNP (squares) and AuNP--GA with GA concentrations of 10 mM (diamonds), 30 mM (triangles), and 50 mM (circles). The solid lines indicate the hard sphere model fit (for AuNP) and core--shell sticky hard sphere model (for AuNP--GA). (**B**) Derivatives of the measured SAXS intensity profiles for the AuNP (solid line) and AuNP--GA with GA concentrations of 10 mM (long dashed line), 30 mM (dashed line), and 50 mM (dotted line).\
**Abbreviations:** SAXS, small-angle X-ray scattering; AuNP, gold nanoparticles; GA, gallic acid; AU, arbitrary unit.](ijn-11-3347Fig2){#f2-ijn-11-3347}

![The MIC of GA and AuNP--GA on *P. shigelloides* and *S. flexneri* B.\
**Abbreviations:** MIC, minimum inhibitory concentration; GA, gallic acid; AuNP, gold nanoparticles; *P. shigelloides*, *Plesiomonas shigelloides*; *S. flexneri* B, *Shigella flexneri* B.](ijn-11-3347Fig3){#f3-ijn-11-3347}

![Bacterial membrane disruption after treatment with GA at MIC concentration of (**A**) *P. shigelloides* and (**B**) *S. flexneri* B.\
**Abbreviations:** GA, gallic acid; MIC, minimum inhibitory concentration; *P. shigelloides*, *Plesiomonas shigelloides*; *S. flexneri* B, *Shigella flexneri* B.](ijn-11-3347Fig4){#f4-ijn-11-3347}

![FTIR spectral analysis at wave number region of (**A** and **C**) 1,800--1,000 cm^−1^ and (**B** and **D**) 3,000--2,827 cm^−1^ by PCA using control and tested cells with AuNP--GA in *P. shigelloides*.\
**Abbreviations:** FTIR, Fourier transform infrared; PCA, principal component analysis; AuNP, gold nanoparticles; GA, gallic acid; *P. shigelloides*, *Plesiomonas shigelloides*; PC1, principal component 1; PC2, principal component 2.](ijn-11-3347Fig5){#f5-ijn-11-3347}

![FTIR spectral analysis at a wave number region of (**A** and **C**) 1,800--1,000 cm^−1^ and (**B** and **D**) 3,000--2,827 cm^−1^ by PCA using control and tested cells with AuNP--GA in *S. flexneri* B.\
**Abbreviations:** FTIR, Fourier transform infrared; PCA, principal component analysis; AuNP, gold nanoparticles; GA, gallic acid; *S. flexneri* B, *Shigella flexneri* B; PC1, principal component 1; PC2, principal component 2.](ijn-11-3347Fig6){#f6-ijn-11-3347}

###### 

Fitted parameters for the mean radius and SD of the Au core particles (〈*R*~core~〉 and SD~core~), the GA shell thickness (*R*~shell~ = *R*~cs~ − 〈*R*~core~〉), the hard sphere radius (*R*~HS~), the stickiness parameter (*τ*) and the volume fraction (*f*) of the sticky hard sphere structure factor, and the correlation length (*ξ*) of the Ornstein--Zernike term

  Sample           〈*R*~core~〉 (nm)   SD~core~ (nm)   *R*~shell~ (nm)   *R*~HS~ (nm)   *τ*    *f*    *ξ* (nm)
  ---------------- -------------------- --------------- ----------------- -------------- ------ ------ ----------
  AuNP             8.99                 0.92            --                --             --     --     --
  AuNP--10 mM GA   8.99                 0.92            1.36              9.42           0.09   0.07   15.94
  AuNP--30 mM GA   8.99                 0.92            1.25              9.41           0.09   0.06   2.88
  AuNP--50 mM GA   8.99                 0.92            1.67              9.84           0.10   0.12   4.13

**Abbreviations:** SD, standard deviation; Au, gold; GA, gallic acid; AuNP, gold nanoparticles.
